Recent studies on the life histories of Daphnia hybrids and their parental species have revealed that hybrids can combine an intermediate size with a relatively high reproductive rate, which might explain their success in many European lakes. Based on this information, we formulated the temporal hybrid superiority hypothesis to explain the coexistence of parental species and their hybrids. Our hypothesis states that in temporally changing environments, such as lakes, hybrids can coexist with their parental species because hybrid individuals have a higher fitness compared to the parental individuals during specific periods of the year. This is in contrast to the hypothesis that hybrids have a lower fitness than the parentals, which should be compensated by recurrent hybrid production. 
from a balance between dispersal and either selection against hybrids or frequency-dependent selection against rare alleles. This model assumes that fitness values are independent of the environment. These types of hybrid zones can be maintained only through recurrent hybridization events, which is not necessary for hybrid populations of parthenogenetic taxa, as here a single hybridization event is theoretically sufficient to establish a hybrid (clonal) population. Thereafter, hybrids could be maintained by asexual reproduction (see Spaak and Hoekstra 1995 for further discussion).
Recently, life-history studies on Daphnia have revealed that hybrids can be intermediate to the parental species with respect to size-related traits but are more comparable to one of the parental species for reproductive traits (Weider 1993; Spaak 1995; Spaak and Hoekstra 1995) . This results in the intrinsic rate of increase (r) of the hybrid not being significantly different from those of the parental species. Weider (1993) showed that Y of Daphnia galeata and D. galeata X Daphnia hyalina were almost identical, and Spaak and Hoekstra (1995) did not find significant differences in r between Daphnia cucullata X D. galeata and D. galeata. If this is also true in the field, it can be expected that Daphnia hybrids have a selective advantage under specific conditions compared to their parental species. Especially during periods of positive size-selective fish predation, a smaller hybrid taxon (or clone) might have an advantage compared to the larger parental species if r for both taxa (in the absence of predation) are the same. Therefore, the hybrid may be temporally superior. However, under low fish predation, when population densities increase and food densities decrease, the larger parent is expected to be superior. This is because Boersma and Vijverberg ( 1994~) found that r of the hybrids is lower compared to D. galeatu under low food conditions. In contrast to the tension zone model (Barton and 753 Hewitt 1985, 1989) as a hypothesis to explain hybrid maintenance, this "temporal hybrid superiority" model can be an important factor with respect to the coexistence of Daphnia hybrids and their parental species in nature.
The role of planktivorous fish in Tjeukemeer in regulating the zooplankton community has been studied previously by Lammens et al. (1985) , Van Densen (1985) , Vijverberg et al. (1990 ), and Boersma et al. (1991 . Young-of-theyear (0 +) smelt (Osmerus eperlanus) is one of the main predators on Daphnia. Smelt start consuming Daphnia in the second week of May at a size of -15 mm, selecting at first the smaller daphnids (Van Densen 1985; Boersma et al. 1996) . When a length of 20 mm is reached, smelt can handle daphnids up to 1.7 mm long, although they still prefer smaller daphnids. In early summer (around 20 June), when the fish have grown to 30 mm in length, they selectively prey on larger Daphnia (Van Densen 1985; Boersma et al. 1991) . The speed of the changes in size of 0 + fish during the course of the season almost completely depends on the water temperature (Mooij and Van Tongeren 1990; Mooij et al. 1994) .
In this paper, data on the population dynamics of D. galeata, D. cucullata, and their interspecific hybrid are analyzed to test if the temporal hybrid superiority hypothesis can explain the co-occurrence of the hybrid with its parental species. According to this hypothesis, there will be periods during which the hybrid is superior, i.e. has a higher instantaneous rate of increase r compared to the mean r (y) of the three taxa during that period. As a test parameter, r, = r -F will be used for all three taxa. Analyses of r, in relation to fish predation will show to what extent size selective predation contributes to the maintenance of Daphnia hybrids.
Materials and methods
Study area-We studied the Daphnia populations in Tjeukemeer, a shallow (mean depth 1.5 m) eutrophic lake with a surface area of 21 km2 in the north of The Netherlands. Secchi-disc depth usually varied between 25 and 35 cm. The phytoplankton community was dominated by Oscillatoria agardhii (Moed and Hoogveld 1982) , and the crustacean zooplankton community was dominated by cladocerans that comprised 80-85% of the mean annual zooplankton biomass (Vijverberg and Richter 1982 (Spaak and Hoekstra 1995) . Here we use the term taxon for each of the three Daphnia forms, without dealing with their systematic or phylogenetic status. In most years, the densities of Daphnia in Tjeukemeer increase rapidly during spring, but in the summer they collapse (Vijverberg and Richter 1982) , resulting in a midsummer minimum. In autumn, Daphnia numbers often increase again but usually they do not reach values as high as in spring. The fish community in the lake is dominated by bream (Abramis brama), pikeperch (Stizostedion Zucioperca), and smelt (0. eperlanus) (Vijverberg et al. 1990 ). Young-of-the-year fish often represent -25% (average per year) of the total biomass of fish in Tjcukemeer (W. M. Mooij pers. comm.), but their production is -70% of the total fish production (Vijverberg et al. 1990 ). However, the biomass of 0 + fish can vary strongly between years, in contrast to the biomass of the older fish (Vijverberg and Van Densen 1984) . Because these 0' fish species mainly feed on zooplankton, they are the main predators of Daphnia.
Field methods-The lake was sampled at 2-3-week intervals between April 1989 and December 1991 at five stations using a 5-liter Friedinger closing sampler. At each station two samples were taken, one just below the surface and one just above the bottom. The zooplankton were concentrated by filtration trough a 120-pm-mesh sieve. On each date, samples taken from different stations and depths were mixed to form a 50-liter composite sample. Earlier work of De Nie et al. (1980) has shown that spatial variation in zooplankton density in the lake is low. On each sampling date one horizontal tow-net sample was also collected. This sample was preserved in 95% ethanol to prevent the loss of eggs and was used to measure fecundity.
The cladoceran zooplankters were identified to species, whereas the copepods were classified as cyclopoids or calanoids in order to determine the Daphnia proportion of total zooplankton densities. The population density of each Daphnia taxon and its size distribution were determined. Body lengths were measured from the base of the tail spine to the anterior margin of the eye by using a drawing prism and a digitizer connected to a computer. This device, with specific software, was used to count the animals, measure their lengths, and to record the number of eggs per female. If densities were too low to calculate fecundity parameters (< 15 individuals per sample), only densities were determined. For all other sampling dates, we measured mean clutch size of adult females with eggs and their size at maturity (SAM), defined as the size of the smallest egg-bearing female (Vanni 1986 ). Fecundity was calculated as the mean number of eggs per adult female.
Demographic rates-Instantaneous rate of increase and birth rate (b) were calculated for all three taxa. We calculated r using the formula for exponential growth: 
where D is the egg development time in days and E the average number of eggs per animal. Egg development time was determined for all three taxa in laboratory cultures at 12.5, 17.5, and 22.5"C (Spaak and Hoekstra 1995) . A curve was fitted through these data using the formula recommended by Vijverberg (1980) :
where a and b are regression parameters and T the water temperature ("C). Mean daily water temperatures were computed from mean daily air temperatures at Eelde, the meteorological station of the Royal Netherlands Institute of Meteorology nearest to Tjeukemeer, by using the air-to-water temperature model of Mooij and Van Tongeren (1990) , which was calibrated with water temperature data from Tjeukemeer.
Predation risk by &h-Biomasses of 0' of several fish species were determined with a small-mesh (5.5-mm codend) 5-m beam-trawl at five sites in the lake. Standard hauls were made at a speed of 1 m s 1 for 10 min, fishing an area of 0.3 ha per site ). Fish were sampled monthly during July-October for all 3 yr except in August 1991. No samples were taken before July because the beam trawl does not catch smaller fish adequately.
The model of Mooij et al. (1994) was used to predict the size of 0 I smelt, pikeperch, and perch for 1989, 1990, and 1991 . The model calculates growth of individual fish from mean water temperatures and species-specific growth parameters, which were estimated from field data on body size for the period 1976-1989 in Tjeukemeer. From these data, the start of 0 I fish predation on Daphnia was estimated. For 1989 the calculated dates were compared with weekly hoopnet samples (Mooij 1992) that were collected from 3 May 1989 to 5 July 1989.
An index for predation pressure risk for single daphnids by the main 0' Daphnia predators, smelt, pikeperch, and perch was calculated as 2 dB,P, where P,>/ is predation pressure by 0' fish, P, is the estimated average proportion of Daphnia in the gut contents, and Di is the Daphnia density in number liter'. Indices i and j refer to fish species and time. P, was calculated by multiplying the fish species-specific selectivity functions of Boersma et al. (1996) with the proportion of Daphnia in the field. dB, is the estimated increase in total biomass of fish species i during time j. Biomass was estimated by fitting an exponential curve through the fish biomass data caught with the beam trawl each month during summer. The starting point of the curve in 1989 was based on hoopnet collections, whereas for the two other years simulation data were used (Table 1) . From earlier work, we knew that smelt and perch switch to a diet of mainly Daphnia at a size of 30 mm (Boersma et al. 1996) . Pikeperch begins feeding on Daphnia at a size of 15 mm, but switches to Leptodora kindtii and small fish at a size of 80 mm (Boersma et al. 1996) . Because the probability of a daphnid being eaten by a fish depends on both fish number and Daphnia density, we divided the corrected fish biomass increase by the total Daphnia density, which resulted in P,,, as mg fish-growth daphnid-' as a measure of predation risk.
Results
Abundance-Daphnia densities differed considerably both within and between years ( Fig. 1) . In 1989, densities of D. galeata and the hybrid increased rapidly in early May. The density of D. galeata peaked (60 ind. liter ') in late May while the hybrid density remained at a relatively high level (-50 animals liter-l) until the end of July. Density of D. cucullata increased more slowly until mid-August to 100 animals liter' and persisted at a high level until mid-September (Fig. 1) . In 1990, spring and autumn peaks were separated by a discernible midsummer minimum. The hybrid and D. galeata dominated in spring but the hybrid and D. cucullata dominated the annual maximum in autumn. In 1991, D. galeata maintained high levels both during spring and summer. The densities for all three taxa were very low in mid-August but increased again up to -30 animals liter I.
Fecundity-Clutch sizes of D. galeata and the hybrid were similar; clutch size of D. cucullata did not exceed six eggs (Fig. 2) . Clutch sizes of all three taxa were rather constant during 1989 but fluctuated greatly in 1990. On some dates in July 1990, both D. galeata and the hybrid had clutch sizes around zero. This was in contrast to the two other years where clutch sizes during summer varied between one and two eggs. In October 1990, clutch sizes of D. galeata and the hybrid increased and remained high until spring of 199 1, which was in contrast to the corresponding period of 1989-1990 when fecundity was high only for 6 weeks.
Body size-The relative distributions of length frequencies for all taxa from May to 15 August are shown in Fig.  3 . This includes the period (early June) when 0' fish started to prey on Daphnia. In 1989, starting on 13 June, size-selective reduction of the large daphnids was observed for all three taxa (Fig. 3) . In 1990, at the end of May, the populations collapsed and no size-specific population reduction was observed. In 1991, this size-selective reduction of larger daphnids started at the end of June for D. galeata (Fig. 3) . The size-specific reduction of Daphnia was much lower in 1991 compared with 1989. D. cucullata densities were too low in 199 1 to provide useful information. Life-history characters-We calculated mean values of some important life-history parameters for the total sampling period (Table 2 ). Size at maturity of the hybrid was intermediate to both parental species but closer to D. cucullata. The mean brood size of the hybrid was also intermediate but not significantly different from D. cucullata in an Wilcoxon matched-pair test (T = 4.67, P = 0.74). The mean birthrate of the hybrid was not significantly different from D. cuculZata but was significantly lower than the b of D. galeata.
Fish biomass and size-The biomasses of the young-ofthe-year of six major fish species revealed large annual differences (Fig. 4) . The biomass of 0-I fish was high in 1989, with an annual maximum of 241 kg ha-l in September but was much lower in 1990 (max. 59 kg ha ' in September) (Fig. 4) and was intermediate in 1991 with a maximum of 134 kg ha-'. In 1990 and 1991, smelt was the most dominant species, contributing 83 and 8 1% of the total fish biomass, respectively. In 1989, however, smelt contributed only 14% of the fish biomass, whereas bream and perch contributed 43 and 31%, respectively. The biomass of 0 I pikeperch was high (68%) only in July 1989.
Simulated dates when smelt, pikeperch, and bream larvae reach lengths of 15-30 mm and interpolated dates from hoopnet catches were quite similar (Table 1) . In 1990 smelt reached the size of 15 mm on approximately the same day as in 1989 and 1991. The size (30 mm) at which smelt switches to positively size-selective feeding on Daphnia was reached on 21 June in 1991; in 1990 and 1989 this date was 9 and 4 d earlier, respectively. For pikeperch and perch, large differences were found between 199 1 and 1989-1990. Their development in 1991 was delayed by 3 weeks, which was due to low temperatures in spring. Differences in interannual reaction between species is likely caused by a higher temperature threshold of pikeperch and perch compared to smelt (Mooij et al. 1994 ).
Rate of increase-The relative deviation of the instantaneous rate of increase (r,. = r -F, F = average r for the three taxa on a date) fluctuated the most for D. galeata and D. cucullata (especially during spring and early summer; Fig. 5 ) and less for the hybrid. Negative values for D. galeata were observed during the months May-July in spring of all 3 yr. D. cucullata showed mostly negative values, with a positive r, in summer, r, for the hybrid was close to zero during the whole study period, indicating that the fitness of the hybrid, expressed as r, deviates little from the mean during the season even though the environmental parameters change substantially. When we plotted r,. against the predation risk index P,,, we observed a positive relationship for D. cucullata and a negative one for D. galeata (Fig. 6) in fish biomass and the density of Daphnia in the lake. We plotted in Fig. 7 the predation index P,,, and the increase in 0 fish biomass for the 3 yr studied. It can be seen that the production of 0' fish was the highest in 1989, but because Daphnia densities were also high, we observed the lowest yearly peak value for PI,, in 1989. It can also be clearly seen (Fig. 7) that the peak in 0' fish predation pressure was delayed for 5 weeks in J 99 1 relative to 1989 and 1990.
Discussion
Our study shows different temporal patterns in density, size, and predation pressure among the populations of D. galeata, D. cucullata, and their interspecific hybrid in Tjeukemeer. Population dynamics of coexisting Daphnia species are known to differ (Jacobs 1977; Seitz 1980a, b; Hovenkamp 1990) . Seitz (19806) described the coexistence of D. hyalina, D. galeata, and D. cucullata in the Klostersee (Germany) with the interrelationships in differences in relative abundance, relative size, and relative mortality. These differences were driven by fluctuating temperatures, food levels, and predation. The relationship we found between relative r(r,.) and the predation index Pv, shows that predation by fish could be a key factor explaining the relative abundance of these three taxa.
Life-history characters-The mean field values for sizes at maturity calculated during the whole study period (Table   2) were smaller compared to our laboratory experiments, possibly because of better food conditions in the laboratory (Spaak and Hoekstra 1995) or the presence of fish-mediated chemicals in the lake (Stibor 1992; Mach&Cek 1993; Weider and Pijanowska 1993) . However, as in the laboratory, the hybrid in the field was intermediate in size compared to the parental species, although closer in size to D. cucullata than to D. galeata. Brood size showed a different pattern compared to our previous work (Spaak and Hoekstra 1995) . In the laboratory, we found no significant difference in brood size between D. galeata and the hybrid; this was in contrast to the field where the hybrid and D. cucullata did not differ. Boersma and Vijverberg ( 1994a) worked with a gradient of food levels and found, at low food levels, no significant differences in brood size of D. cucullata and the hybrid. However, at high food levels D. galeata and the hybrid were comparable. This phenomenon might explain our observations.
Seasonal patterns in rates of increase-The role of fish predation in determining zooplankton community structure is well established. Larger zooplankters are selectively eaten (O'Brien et al. 1976; Zaret 1980) but have a lower food threshold level than smaller species (Gliwicz 199Oc, 1991) . The lower predation risk of the hybrid compared to D. galeata results in a higher r during periods of strong fish predation provided that birthrates are constant. This advantage may be offset however by the higher food threshold level of 1989, 1990, and 1991 . The differences between dates are relative, the frequencies of each date sum to lOO%, and height of the y-axis is 40%. From six dates no samples were available. the smaller hybrid leading to a lower birthrate. Indeed, Boersma and Vijverberg (1994a) found lower r for the D. cucullata X D. galeata hybrid compared to D. galeata in laboratory experiments under food levels much lower than used by Spaak and Hoekstra (1995) .
In 1989, peak densities of the three taxa succeeded each other (Fig. 1) respectively as D. galeata, hybrid, and D. cucullata, with the latter having the highest peak density. This Table 2 . Mean values, with 2 SE and sample sizes (N) for selected life-history traits as measured in the iield during the total study period. was also reflected in the relative rate of increase: Y,. values were negative for D. galeata during June-August, whereas the r,. values of the hybrid and D. cucullata were positive, When plotted against the index of fish predation risk, P,?,, we found a positive relationship with r, for D. cucullata and a negative relationship with r, for D. galeata (Fig. 6 ). This figure also shows that the vulnerability of r,. to predation pressure increases when the mean size of a Daphnia taxon becomes larger. Because this plot was made with smoothed r,. values, which introduces serial autocorrelation between the data points, no correlation coefficients were calculated.
Food can also influence r. Low food levels can cause starvation, which increases the death rate. Low food conditions can influence the birth rate through smaller clutch sizes. The fact that the hybrid and D. cucullata populations did not collapse in 1989, as did D. galeata, indicates that the latter's collapse probably was not caused by food shortage. This seems plausible because Boersma and Vijverberg (1994b) found that there was a strong positive correlation between the carbon content, as a measure of the assimilated food quantity, of the three taxa in Tjeukemeer. This was the case during periods when these taxa co-occurred, which indicates a large diet overlap. Moreover, according to the size-efficiency hypothesis, which states that larger individuals can handle a broader range of particle sizes (Hall et al. 1976; Gliwicz 199Oc ), the D. galeata population, being the largest species, should be the least sensitive to food limitation and thus the last to collapse. However, we observed the opposite. Finally, the clutch size of D. galeata, as a measure of food availability, was not lower than that of the hybrid (Fig. 2) . Thus, we think that food availability was of minor importance in determining the relative differences between taxa in r,..
Population densities-It follows from our hypothesis that the hybrid should withstand fish predation longer than D. galeata. This is supported by the disappearance of the largest size classes ( I .35-1.70 mm) of D. galeata between 6 June and 13 June 1989 (Fig. 3) . On 27 June there were no detectablc D. galeata left in Tjeukemecr. A disappearance of the largest size class of the hybrid (1.00-1.30 mm) was also loglo predation index F$(j) (mg fish growth per daphnid) Fig. 6 . Deviations relative to the mean of the instantaneous rate of increase r, smoothed by a five-point running mean, plotted against the log,,, of the predation index P,,, (as defined in the text) for the three taxa. A value of -5 on the x-axis indicates a P,,, value of zero. observed on these dates. A succession of the three taxa in Tjeukemeer was observed only in 1989, when the biomass of 0' fish in Tjeukemeer was also exceptionally high (Fig.  4) . Total fish biomass increase was high in 1989 due to large numbers of 0' fish (Fig. 7) . However, because of high Daphnia densities in 1989, predation pressure per daphnid was even lower than in 1990 and I 99 1.
Densities of D. galeata in 1990 were low compared to 1989. In addition, Y,. for D. galeata was negative from May until September. Because no size-dependent population reduction was observed in 1990 ( Fig. 3) and fish biomass was relatively low (Fig. 4) , a high natural death rate, caused by food limitation, seems likely. This is supported by the relative low fecundity of all three taxa during the midsummer decline in 1990; fecundity approached zero for some dates in June and July. The high predation index PP, observed in 1990 (Fig. 7 ) seems to conflict with this hypothesis. However, these high values are reached because of the extremely low densities of the three Daphnia taxa. Moreover, the peak of P,,, in 1990 did not coincide with the peak in 0' fish biomass increase, as was the case in 1989 and 1991. Other studies on the midsummer dynamics of Daphnia populations (Threlkeld 1979; Boersma et al. 1991) revealed that this dccline can be caused by a combined effect of high temperatures and intraspecific food competition.
The population development in 1991 when D. galeata dominated the population from April until August differed completely from the two preceding years. Although fish biomass was relatively low and was comparable to 1990 (Fig.  4) , well-expressed differences were observed with respect to the predation risk index P,,, in these years. P,,, peaked 5 weeks later in 1991 compared to 1989 and 1990 (Fig. 7) . This delay was due to low spring temperatures in I99 1, which decreased fish growth rates (Table 1) . No strong sizedependent disappearance of D. galeata, as was found in 1989, could be observed in 1991 (Fig. 3) . We expect that the absence of strong fish predation during spring and early summer created circumstances where D. galeata could outcompete the other two taxa.
Strong differences between the 3 yr in the severity and timing of fish predation demonstrate the impact of yearly fluctuations on the Daphnia taxa densities in Tjeukemeer. However, from numerous other studies, it is known that factors like food availability and invertebrate predation can influence the seasonal dynamics of coexisting Daphnia taxa. Food density and quality are very difficult to quantify in shallow eutrophic lakes (Abella and Infante 1985) . The algal biomass in Tjeukemeer consists of a large proportion of blue-greens, which are known to be poor quality food for daphnids (Gliwicz 1990a, b) . Recent studies have shown that detritus might also be an important food source (DeMott 1988; Kerfoot and Kirk 1991) . Therefore, in this study we used the implicit assumption that changing food conditions can lead to similar seasonal patterns in death rates for the three taxa, when no fish predation is involved. No data are available for invertebrate predators in Tjeukemeer, which means that for this study, their influence on the population dynamics has been neglected. However, a recent laboratory study (Spaak 1995) has shown that differences in relative spine and helmet lengths of D. cucullata X D. galeata compared to the parental species can provide the hybrid with an advantage in withstanding invertebrate predators.
We conclude that temporal superiority, expressed as a positive r,., can be found not only for the hybrid but for all three Daphnia taxa. However, for the hybrid this positive rv lasted for long periods under field conditions. The negative relationship that we found between r,. of D. galeata and fish predation (expressed in the predation index P,,,), the positive relationship for D. cucuZZata, and no relationship for the hybrid suggest that r of the hybrid is less influenced by fish predation than r of D. galeata, which is in accordance with our laboratory experiments. It also indicates that under the highest predation pressure, D. cucullata will have the highest rate of increase.
